Atherosclerotic cardiovascular disease is a major problem despite the availability of drugs that influence major risk factors. New treatments are needed, and there is growing interest in therapies that may have multiple actions. Thyroid hormone modulates several cardiovascular risk factors and delays atherosclerosis progression in humans. However, use of thyroid hormone is limited by side effects, especially in the heart. To overcome this limitation, pharmacologically selective thyromimetics that mimic metabolic effects of thyroid hormone and bypass side effects are under development. In animal models, such thyromimetics have been shown to stimulate cholesterol elimination through LDL and HDL pathways and decrease body weight without eliciting side effects. We report here studies on a
Atherosclerotic cardiovascular disease is a major problem despite the availability of drugs that influence major risk factors. New treatments are needed, and there is growing interest in therapies that may have multiple actions. Thyroid hormone modulates several cardiovascular risk factors and delays atherosclerosis progression in humans. However, use of thyroid hormone is limited by side effects, especially in the heart. To overcome this limitation, pharmacologically selective thyromimetics that mimic metabolic effects of thyroid hormone and bypass side effects are under development. In animal models, such thyromimetics have been shown to stimulate cholesterol elimination through LDL and HDL pathways and decrease body weight without eliciting side effects. We report here studies on a selective thyromimetic [KB2115; (3 
-[[3,5-dibromo-4-[4-hydroxy-3-(1-methylethyl)-phenoxy]-phenyl]-amino]-3-oxopropanoic acid)] in hu-
mans. In moderately overweight and hypercholesterolemic subjects KB2115 was found to be safe and well tolerated and elicited up to a 40% lowering of total and LDL cholesterol after 14 days of treatment. Bile acid synthesis was stimulated without evidence of increased cholesterol production, indicating that KB2115 induced net cholesterol excretion. KB2115 did not provoke detectable effects on the heart, suggesting that the pharmacological selectivity observed in animal models translates to humans. Thus, selective thyromimetics deserve further study as agents to treat dyslipidemia and other risk factors for atherosclerosis. C onsequences of atherosclerotic cardiovascular disease such as heart attack and stroke are major medical problems (1) , and there is a need to develop improved means to treat these disorders and the risk factors that cause them, including hyperlipidemia and obesity (2) . Thyroid hormones promote favorable effects on plasma cholesterol levels and weight loss (3) (4) (5) (6) , but also when administered in high doses can have deleterious effects on the heart (tachycardia, arrhythmia, and heart failure), bone, and muscle (7) (8) (9) . Accordingly, synthetic thyroid hormone mimetic compounds that elicit preferentially the favorable metabolic effects of thyroid hormone without eliciting unfavorable effects of the hormone have received recent attention as potential treatment modalities for lowering cholesterol and promoting fat loss (10) (11) (12) . In studies in several rodent models and monkeys, such compounds have been found to have effects on plasma lipid levels that appear to be favorable and to promote fat loss without eliciting unwanted effects on heart, bone, and muscle. These compounds exploit several mechanisms to derive selective actions, including hepatic first pass uptake, tissue selective uptake, and selective actions through the ␤-isoform of the thyroid hormone receptor known to regulate cholesterol metabolism and have minimal actions on heart (10, (12) (13) (14) . However, there are species differences in the actions of hormones and in metabolism, especially lipid and lipoprotein metabolism, such that there is no certainty that animal data will be applicable to humans (15, 16). To our knowledge, there are no studies documenting that these compounds are effective in humans. The current study describes effects on one of these compounds,
-amino]-3-oxopropanoic acid), administered to humans for 2 weeks. The results suggest that the compound can promote LDL lowering and bile acid synthesis, a potential reflection of net cholesterol loss, without eliciting favorable deleterious effects on the heart.
Results
Pharmacokinetics, Safety, and Tolerability. The two studies reported (see Materials and Methods) were randomized, doubleblinded, and placebo-controlled with subjects with moderately elevated total plasma cholesterol levels (mean total cholesterol 6.6 mmol/liter or 255 mg/dl) and body weights (mean body mass index of 31 kg/m 2 ). In the first study, single escalating doses of KB2115 were administered up to 2,000 g. In the second study, placebo or KB2115 at 50, 100, and 200 g was administered orally once daily for 2 weeks. No effects were observed at any dose on body weight or oxygen consumption.
The pharmacokinetics of KB2115 were linear (Fig. 1) . The drug was rapidly absorbed with a half-life of Ϸ2 h, and no accumulation of KB2115 was observed. KB2115 was well tolerated with no serious adverse events reported (data not shown), and there were no withdrawals from the study. The most frequent drug-related adverse events observed were mild increases in transaminase [alanine aminotranferease (ALT) and aspartate aminotransferase] levels, and one subject, who had elevated ALT before dosing with KB2115 developed a transient increase in ALT of Ϸ3-fold the upper level for normal. No symptoms or laboratory signs of musculoskeletal side effects were seen. No drug-related effects on the cardiovascular system were detected during the 2-week study, including heart rate ( Fig.  2 A and B) , electrocardiograms, corrected QT interval (QTc) (Fig. 2C) , and blood pressure.
Pharmacodynamic Effects on Thyroid Hormone Homeostasis and Lipid
Metabolism. The hypothalamic-pituitary-thyroid axis (HPT) is under circadian regulation in humans (17) . Potential effects of KB2115 on biomarkers of thyroid hormone homeostasis were therefore measured at 1, 6, 12, 18, and 24 h before treatment and at the same time points after the last dose (Fig. 3 ). There was a significant difference between the groups in free T 4 and total T 4 and the values decreased in all active groups when compared with placebo (Kruskal-Wallis, P Ͻ 0.001). Changes in total and free T 3 and thyroid-stimulating hormone (TSH) were small and not statistically significant.
Serum total cholesterol ( Fig. 4A ), LDL cholesterol ( Fig. 4B ), and apolipoprotein (apo) B levels were reduced. LDL cholesterol were reduced up to 40%, from 4.5 mmol/liter (175 mg/dl) to 2.7 mmol/liter (105 mg/dl), whereas an 11% reduction was seen in the placebo group. Reduction at the two highest doses was observed after Ϸ1 week. Total and LDL cholesterol levels gradually returned to control values by 5 days after cessation of therapy. Changes in HDL cholesterol levels were not observed ( Fig. 4C) , and the apoB to apoA-I ratio decreased (Fig. 4D ). We did not observe any statistically significant effects on serum triglyceride levels or lipoprotein(a) levels (data not shown) as reported in animal models with other thyromimetics (10, 12) . However, in subjects with high baseline levels of triglycerides there was a trend toward the lowering of triglyceride levels (data not shown).
We also evaluated whether KB2115 treatment altered the synthesis of cholesterol and/or its catabolism to bile acids. For this purpose, serum levels of lathosterol were determined as a marker for total body cholesterol synthesis (18) and of 7␣-hydroxy-4-cholesten-3-one (C4) as a marker for hepatic bile acid synthesis (18, 19) . As shown in Fig. 5B , the plasma lathosterol/ cholesterol ratio was not significantly altered in any of the dose groups, which indicates that KB2115 did not have a major effect on whole body cholesterol synthesis. As shown in Fig. 5A , the C4/cholesterol ratio was unchanged in the 50-g dose group, but Ϸ50% and 100% increases were observed at the 100-and 200-g doses, respectively. These data suggest that there is an increased synthesis of bile acids that is not secondary to an increase in cholesterol synthesis.
Discussion
These studies report on the pharmacological effects of a thyromimetic in humans where significant effects of the compound on clinically important endpoints were observed under conditions where there were no detectable effects on the cardiovascular system. The two clinically desired results were a lowering of serum LDL cholesterol levels, and based on measurements of established bio-markers for bile-acid and cholesterol synthesis (18, 19) , an increase in bile acid synthesis in the absence of an effect on cholesterol synthesis. In the 2-week study, KB2115 lowered serum cholesterol levels to a maximal level of 40% reduction. Similar effects on total cholesterol levels and apoB were also observed. At high dose, KB2115 increased bile acid synthesis as reflected by increases of the C4/cholesterol ratio, under conditions where there was no apparent increase in cholesterol synthesis as reflected by the plasma lathosterol/ cholesterol ratio. These data imply mechanistic differences from the statins that do not increase bile acid production but instead decrease cholesterol synthesis, thereby stimulating hepatic LDL receptor expression (20) . The exact mechanism of action of KB2115 in humans cannot be determined from the present study. Given the major differences between humans and rodents, where many of the mechanistic studies of this class of thyromimetics have been performed (10-13), translation of mechanisms to humans should be done with caution.
Several mechanisms observed in rodents are possible (13) ; the effects of KB2115 could be caused by those on either the LDL or HDL pathways, or both, and on expression of cholesterol 7␣-hydroxylase (CYP7A1), the rate-limiting enzyme in choles- terol breakdown to bile acids. Whereas the CYP7A1 gene is regulated by thyroid hormone in rodents (13, (21) (22) (23) , it is less clear if this also occurs in humans (24) . In various models, the compounds can increase liver LDL receptor levels. Thyromimetic compounds have been shown to increase hepatic RNA levels of both apoA-I and the SR-B1 HDL receptor (13) . If HDL production and elimination were both stimulated, this could explain the lack of changes in serum HDL or apoA-I levels. Nevertheless, the observations that KB2115 both lowered plasma cholesterol and appeared to increase bile acid production suggest that this compound differs mechanistically from the statins. Further, the design of KB2115 to have both TR␤-selective actions and tissue-selective uptake actions is consistent with the observation that the effects of KB2115 on cholesterol and bile acids occur in the absence of detectable effects on the heart. These results contrast with the increases in heart rate in thyrotoxic patients (9) and subjects given exogenous L-T 3 (4). These issues obviously need to be addressed in larger long-term studies.
The observation that these thyromimetics may act differently from the statins also suggests that these compounds might complement actions of the statins. Thus, it is possible that these compounds might be effective in lowering the dose requirement of statins in subjects intolerant to these drugs. We noted effects of KB2115 on parameters of the HPT axis and thyroid hormone homeostasis, including discrete reductions in plasma TSH and more evident reductions in free and total T 4 . These data indicate that KB2115 is recognized as a thyromimetic in the pituitary and that KB2115 acts together with the endogenous levels of T 3 and T 4 in the regulation of the HPT axis feedback control of peripheral thyroid hormone homeostasis. However, effects of KB2115 on the HPT axis need to be further evaluated in long-term studies. It is noteworthy, however, that in a study in rodents with another selective thyromimetic called GC-1, the plasma TSH, T 3 ,and T 4 levels were suppressed but the tissue levels of T 3 were unchanged (25) . We also noted mild increases in hepatic enzymes. Whether these results are related to the mechanism of action of KB211 or they are caused by off-target related liver effects is not yet clear. However, whereas no liver toxicity has been found in animal studies to date (data not shown), there have been associations of severe hyperthyroidism with hepatic abnormalities. Clearly, this aspect also needs careful Post 14th adm. Fig. 3 . Effects of KB2115 on the hypothalamic-pituitary axis and thyroid hormone homeostasis after once-daily dosing for 2 weeks. Effects on (from top to bottom) TSH, free T 3, total T3, free T4, and total T4 are shown. Significant difference in AUC (0 -24 h) before and after 14 days of treatment with KB2115 was found for free T 4 and total T4 (P ϭ 0.002 and 0.001, respectively), and all active groups differed from placebo.
monitoring in future studies. Although thyromimetics have been shown in rodents and monkeys to promote fat loss at high doses without muscle or bone loss (10, 12), we did not observe changes in metabolic rate or weight loss in our study. Overall, plasma cholesterol levels have been shown to be more sensitive to thyromimetics than effects on metabolic rate and body weight reduction (10, 12) . Thus, it is possible that a lack of changes in metabolic rate and weight loss in humans as observed in this study may be because higher doses were not administered and the study was of short duration.
In conclusion, our data obtained in a small group of subjects treated with KB2115 show that a potent and rapid LDL lowering can be achieved together with a possible increased bile acid synthesis that, in turn, should promote net excretion of cholesterol from the body. Importantly, these effects of KB2115 on lipid metabolism were all observed at doses where effects on the heart could not be detected. Thus, at least for this compound, the pharmacological selectivity between effects on blood lipids and effects on heart rate, previously observed with thyromimetic compounds in animal models (10-13, 25, 26) , also translates to humans. These findings in humans are an important step in evaluating thyromimetics as a strategy for treatment of dyslipidemia, as reported in this study, and potentially also for obesity as shown in animal models with other thyromimetics (10) (11) (12) 26) .
Materials and Methods
Subjects. Inclusion criteria for both studies were males or females (not of childbearing potential) between 18 and 60 years of age with a body mass index between 25 and 35 and total cholesterol Ͼ5.0 mmol/liter.
Study Design. The studies were randomized, double-blind, placebocontrolled, single-dose, and repeated-dose studies performed in compliance with good clinical practice. In the single-dose study 24 subjects were enrolled in four groups of six subjects each. Subjects were then randomized to receive either KB2115 or placebo. Single doses of 50, 200, 500, and 2,000 g were given sequentially, one dose per group of five fasting subjects. One subject on placebo was included in each dose group. Assessments were made for 2 days before and 5 days after administration. In the multiple-dose study, KB2115 was used at doses of 50, 100, and 200 g or placebo and administered daily for 2 weeks. Twenty-four subjects were enrolled into three groups of eight subjects each. The subjects were then randomized to receive either KB2115 or placebo. Multiple doses (once daily) at the three dose levels (50, 100, and 200 g) of KB2115 were administered in six subjects each. Two subjects on placebo were included in each dose group.
Measurements. Spontaneously reported adverse events were recorded up to 5 days after the last administered dose. Routine laboratory tests of safety included hematology, serum chemistry, and urinalysis. In the single-dose study, vital signs and 12-lead ECG were recorded within 1 h before drug administration, 1 h after dose, and 1 day after administration. A 12-lead ECG was also recorded 5 days after administration. Telemetry was used continuously for 24 h beginning at dose administration. For the multiple-dose study, vital signs were recorded every second or third day during the treatment period and 1 day after administration. A 12-lead ECG was recorded before start of dosing and 1 h after the first, third, ninth, and last dose. Effects of KB2115 on the hypothalamic-pituitary axis were determined by measuring TSH, free and total T 3, and free and total T4. This measurement was done in the single-dose study before and at 1, 6, 12, 18, 24, 30, 36, 48, 72, 96 , and 120 h after administration of KB211 and in the multiple-dose study at 1, 6, 12, 18, and 24 h after the first and last dose of KB2115. An indirect RIA assay was used to estimate levels of total and free T 4 and total and free T3. Serum lipids including cholesterol (total, LDL, HDL), triglycerides, free fatty acids, apoA-I, apoB, and lipoprotein a were measured in fasting samples. Also changes in bile acid and cholesterol synthesis rates were assessed by measurements of C4/ cholesterol and lathosterol/cholesterol as described (18, 19) .
Statistical Analysis. All data were analyzed by Kruskal-Wallis test, followed by post hoc pairwise comparison of active treatment groups with placebo, when appropriate. For biomarkers of thyroid hormone homeostasis areas under the curve (AUCs) from 0 -24 h was analyzed as described above, and AUCs before treatment were compared with those after 14 days of treatment. For C4/ cholesterol and lathosterol/cholesterol ratios the AUCs from day 0 to day 15 were compared. For apoB/apoA-I ratio, total cholesterol, and HDL and LDL cholesterol, the data of the differences between the groups before treatment and after 14 days of treatment were tested. Effects of KB2115 on lipids and lipoproteins after once-daily dosing for 2 weeks. Effect on total cholesterol (A; P ϭ 0.005, 100-g group differs from placebo), LDL cholesterol (B; P ϭ 0,01, 100-g group differs from placebo), HDL cholesterol (C; P ϭ 0.68), and apoB/apoA-I ratio (D; P ϭ 0.04, 100-g group differs from placebo).
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